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1. Introduction

It 1s now well established both theoretically and experimentallyl'lo

that the requirement of beam-1ike propagation for an optical field does
not carry the full spatial coherence of the source as a necessary condi-
tion. Rather, it is entirely possible for a two-dimensional planar source
to be globally incoherent, and yet to generate radiant fields whose far
field intensity distrubition is confined within a relatively narrow solid
angle.

This beam-l1ike quality, in particular, is characteristic of a cer-
tain class of globally incoherent sources known under the name of quasi-
homogeneous, or Collett-Wolf sources. Among their interesting properties,
a remarkable reciprocity theorem has attracted considerable attention in
view of its possible practical applications. This theorem insures the
existence of a Fourier transform relation between the far field coherence
function and the source intensity profile, on the one hand, and the far
field angular intensity distribution and the near field coherence, on the
otherl's. Thus, remarkably, the far field pattern, for example, carries
no information on the near field intensity distribution.

The non-intuitive nature of this result was investigated rather

extensively in our laboratory and confirmed to an excellent approximationlo.

Additional properties of the near, far and intermediate radiation fieldll,
were all found to be in excellent agreement with the assumed quasi-
homogeneous nature of our source (an especially prepared glass surface

il1luminated by a He-Ne laser beam). Of course, a direct test of
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quasi-homogeneity requires the experimental verification of the above
mentioned reciprocity relation; because our early tests10 were only
concerned with the proof of the independence of the far field angular in-
tensity profile, and not on the direct measurement of the source coherence
function and its Fourier transform, much of the follow-up work has focused
with the more difficult problem of the measurement of spatial coherence.

Because of the fine grained structure of our quasi-homogeneous source,
it became rapidly clear in the early stages of this work that conventional
methods for measuring spatial coherence, (e.g., by a fringe visibility with
a reversing front Michelson interferometer) would suffer greatly from
resolution limitations. The typical coherence length for our laboratory
sources was inferred from far field pattern measurements, to be only of
the order i several tens of microns.

One of the present principal investigators (JDF) conceived of the
idea of designing an optical system that was capable of magnifying the
visibility pattern, while maintaining its shape unchanged.

To this purpose, a conventional Mach-Zehnder interferometer was
modified as discussed in Section 2 by inserting a pair of lenses along
each of the two paths of the instruments, in such a way as to maintain
an imaging relation between the entrance and exit planes of the device
for both sets of imaging systems.

As shown in Section 2 and confirmed experimentally (in Section 3)
if the ratio of the magnifications of the two imaging systems is made
sufficiently clase to unity, the entire set of fringes in the exit plane
of the interferometer can be stretched spatially, and, thus, the resolu-

tion process can be aided considerably.
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The modified Mach-Zehnder interferometer can now be claimed to be an
effective laboratory tool for the study of fields with 1imited coherence
length. The possibility of adapting this diagnostic technique outside
the controlled laboratory environment does not look very promising; how-
ever, the study of sources with variable coherence or with specific
coherence properties can now be undertaken with reasonable ease and
accuracy even if the conditions are not at all amenable to a direct

and conventional recording of the visibility function.

! In Section 4 of this report, we describe the results of a study in

which speckle reduction was obtained by illumination of a target with a

beam of relatively high intensity but with global spatial incoherence.




2. Analytical Description of the Modified Mach-Zehnder Interferometer

An ordinary Mach-Zehnder interferometer has the structure shown in Fi-
gure 1. Two partially transmitting (1,3) and two highly reflecting (2,4) sur-
faces separate and recombine an incident wavefront. A difference between the
paths can be introduced by a slight tilt of one of the beam splitters,
although a controlled variation is somewhat time consuming to obtain
and to maintain because of the spatial separation of the paths.

Usually a Mach-Zehnder interferometer is especially useful to
observe density variations in gas-flow patterns. One beam passes through
the optically flat windows of the test chamber, while the other beam
traverses appropriate compensator plates. The resulting distortion of
the wavefront will generate the desired fringe contour]z.

Under these conditions, the coherence properties of a wave field
at the entrance plane of the interferometer do not differ significantly
from those at the exit plane, save for possible degradation suffered by
the beam inside the system, or because of the small propagation effects
along the two paths. (The spatial coherence properties of an extended
source improve as the wavefield propagates farther away from the source.)

For our purposes, it is very significant to note how the presence
of a suftably chosen pair of optical elements (e.g., thin lenses), pro-
perly placed along the two optical paths can produce a significant
"magnification” of the fringe visibility pattern at the exit plane of
the instrument.

To show how this effect comes about, it is convenient to analyze

the two-path interferometer as if the field propagation took place along

A




two separate straight segments as shown in Figure 2. Each path contains
two thin lens elements of focal lengths f1, f2 and f,', fz, respectively,
Each pair of lenses is positioned so that the entrance and exit planes of
the interferometer satisfy the imaging condition for the selected values
of the focal lengths and relative positions of the elements.

The field propagation through each path can be easily described in

13. The analysis becomes

terms of the usual Fourier optics methods
especially transparent if one first maps each two-lens system into an

equivalent thick lens characterized by principal planes H]’ HZ and

H]', HZ‘, respectively, and effective focal lTengths f and ', with12
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Given a field amplitude distribution Eo(x,y) at the entrance plane of

the interferometer, the exit fields at the output plane have the form13
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where the meaning of the various distances and the positions of the prin-
cipal planes are {llustrated in Figure 2, and where all the distances
are measured relative to the appropriate principal planes. The fields
E(x4.y4) and E'(x4,y4) differ from one another, of course, because of
the different imaging properties of the two paths of the interferometer.

The total field at the exit plane (x4,y4) is given by
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and the total intensity is
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The coherence properties of the output field are described by the
correlation function { E E'* \. This is given explicitly by the

following multidimensional integral
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where the only variables that are affected by the ensemble average
are the fnput fileld amplitudes. Under most conditions of interest,
the input field correlation function can be expected to be spatially
isotropic. Thus, the multidimensfonal integral splits up into the
product of two similar integrals over the x and y integration vari-

ables, respectively. The first factor can be cast into the form:
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where gx(x‘-x1') denotes the field correlation function at the input plane
for the spatial separation (x1-x1').

Because of the imaging conditions
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the integral simplifies considerably. For all practical purposes, the
range of integration can be assumed to be infinite under the conditions

of interest; thus, the x part of the integral takes the form




z , <
. /
I x - xﬁ‘ ! "“‘,XL SNy o L{ / X . N ___E_i_,__ )
- i \(' 'Hl ('“‘../(
Sk X « N ro L4k s
SR X LD oxp il AR xS oA
. > . - ! yo T J ’ ‘o
S N
) - .o
| / . . , /
2xp - ¢ XL - <k _ Ny .- 9 {xg-x)]
' 7 x !

NIV IR S M/

The result can now be cast in closed form for an arbitrary input correla-

tion function.

. f .
21 -~ /0 5 e , 7 ' J g !
T . LX) dethded) 5 S Gt
TN ‘ N S et
AL 3 -7 .
X p .ok VA ! fyart LA, Y
! . e X,y = - -
’y “ v\ 0 " ] > ‘_ ’, 2
\ (‘ -,‘!’; /3 -Hz ((J:., “HL/ \,{73 ’ql)

As a result, the required total correlation function takes the form
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At this point, we recognize that the transverse magnification of the two

lens pairs are given by

Hence, the propagation through the interferometer has the effect of
changing the linear scale of the input correlation function by a factor

Meff given by

gl /” ! r""; at

This implies that if M is chosen to be close to M' the effective magni-

fication of the cutput correlation function Mef can be made quite large.

f
In particular, if the input correlation has polar symmetry (as most cor-
relation functions of experimental interest are expected to have), the

output field correlation will also display a polar symmetry, i.e.,

Jga 19) { : ?L N

—_—

0% dy < M o
The role of the "stretching" factor Meff is to magnify the fringe struc-
ture at the output of the device so that higher resolution can be
obtained. In.effect, the interferometer takes a given input visibility
curve and maps it into the output plane with a magnification Meff of
all details.
It follows at once that if Gz is the correlation length of the

input field, the output correlation length is given by
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Note also that if one choses, as in our experimental set up,
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3. Design and Operation of the Modified Mach-Zehnder Interferometer

a) Alignment and Calibration Procedure

In order to obtain meaningful data for sources possessing coherence
widths of the aorder of a few tens of microns, the resolution requirements
of the imaging system of the interferometer must be made rather stringent.
In our case, the required resolution was obtained by using lenses which

were nearly diffraction l1imited achromatic doublets similar to those com-

monly found as objectives in good quality refracting telescopes. The

lenses were 2" in diameter and with focal lengths of 10" and 11", respec-

tively, yielding f-numbers of about 5. This choice proved adequate, if

not ideal for all our measurements.

In order to maintain an f#5 system, it became necessary to insure
that the 1imiting apertures of the interferometer were the lens apertures

themselves. For this reason, the mirrors and beamsplitters were designed

to have 4-5" diameters. Because of the large diameter of these elements,
their thickness was chosen proportionally large so as to provide structural

stability on an interferometric scale.
In fact, the original version of the interferometer was built with

beam splitters and mirrors 0.75 inches thick. The preliminary tests of

the instrument revealed significant aberrations in the imaging due to the

large thickness of the glass plates. In a subsequent version of our

design, this problem was corrected by replacing the entrance beamspiitter
with a 6 um pellicle. This produced excellent imaging but at the expense

of a new problem. The acoustic noise which is practically unavoidable in

our laboratory was seen to produce a complete obscuration of the fringes

because of the pellicle vibrations. Only after great care was applied
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to isolate the pellicle acoustically, the fringes were made stationary
for times of the order of several seconds. This was ample time to ob-
tain a record of the fringe pattern by normal photographic techniques.

The alignment and calibration of the modified Mach-Zehnder inter-
ferometer represented a considerable effort. The best procedure was
found to consist of the following steps.

1) A preliminary alignment is to be carried out as with an ordinary
Mach-Zehnder interferometer.

2) The lenses are placed in their appropriate positions within the
device and their fine setting adjusted in such a way that a point source
(microscope objective) in the object plane produces a collimated beam
after the Tight traverses each lens. The difficulty with this procedure
is that it must be carried out simultaneously in both legs without moving
the point source. At this point, the distance between the point source
and each of the lenses is equal to the respective focal lengths. Thus,
in all subsequent discussion, the object plane is defined as the plane
containing the point source and oriented perpendicular to both axes of
symmetry of the lenses.

3) At this point, it is necessary to place the final imaging lens
just after the last beam splitter of the interferometer. The position of
this lens relative to the first two inside the interferometer is arbitrary
because its role is to image two objects (the images of the first lenses)
at infinity.

4) With the point source in the object plane, it is now necessary
to identify the final image plane. This is done by observing the image

of the point source through a microscope. This shows two images with




only one in focus at a given time as a result of collimation errors in
Step 2. It 1s now necessary to choose one of the images and to hold the
microscope to a sharp focus with respect to the selected image. The lens
corresponding to the unfocused image is adjusted longitudinally until

focusing s achieved for both images.

Once this step is accomplished, the object and final image planes
are defined for the remainder of the measurement. This completes the

alignment procedure.

Our experience shows that this measurement requires great care and
that it should be repeated several times (about five times) in order to

insure reliability.

b) Measurements of microscopic spatial coherence functions.

Once the modified Mach-Zehnder interferometer has been properly
aligned and calibrated, the measurement of the spatial coherence func-
tion of a source is relatively easy to perform. The partially coherent
source is placed in the previously defined object plane and the visibility
of the fringes in the image plane is observed.

It is important to note that as long as the observation of fringes
is conducted in the image plane of the instrument, then the visibility
of the fringes {s governed solely by the coherence of the source in the
object plane. This implies that if the partially coherent source is placed
out of the object plane, e.g., further removed from the interferometer,
then the visibility of the fringes in the image plane is a measure of
the coherence of the field which has propagated from the source to the

object plane.
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By taking advantage of this observation we were able to measure
the evolution of the coherence function at increasing distance from
the source.

The sources used in our measurements were the quasi-homogeneous
sources described in Ref. 10. Excellent correlation was found between
the coherence lTengths estimated in Ref. 10 using the reciprocity theorems
mentioned in Section 1, and those measured directly with the modified
Mach-Zehnder interferometer.

Typical fringe patterns obtained with the source at various dis-
tances from the object plane are shown in Figure 3. We define o(2z)
as the full width of the degree of spatial coherence at a distance z
from the source. The behavior of o(z) is shown in Figure 4 for a range
of distances up to 20 cm. The extrapolated value of o(z) for z » 0
was defined to be 13 um. This compares very favorably with the value
of about 10 um obtained from the far field intensity measurements
described in Ref. 10.
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4. Speckle Pattern Reduction

A well known manifestation of the spatial coherence of an optical
beam is the granular appearance of an illuminated spot on a rough sur-
face, The effect is a very easy one to display, and can provide a nice
pedagagical demonstration. However, it is also a considerable nuisance
when dealing with coherently {1luminated systems. The cure is rather
simple: all one needs to do is to switch from a laser to a normal
incoherent source for the illumination. However, this also has the
effect of lowering the brightness of the illuminated spot unless special
attention is taken to collimating the source field.

The globally incoherent nature of a quasi-homogeneous source,
coupled to its highly directional emission property, provides a useful
combination to reduce or to eliminate the speckle effect while main-
taining adequate illumination of the target. Because of the size of
the grain speckles grows as the width of the spatial coherence function,
then by varying the spatial coherence properties of the 1ight, the
speckle size can be increased or reduced accordingly.

In order to demonstrate this effect, we have first illuminated
a page of text using 1ight directly from a c.w. laser and recorded
the speckle photographically. Then we have placed a rotating phase
screen (quasi-homageneous source) between the laser and the target
and recorded the new speckle pattern. In the first case, the large
width of the spatfal coherence function produced a speckle pattern

that was large enough to make the illuminated text almost unreadable.
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In the second case instead, and using the same camera aperture (f32)
the text material became quite readable (Fig. 5a,b).

It should be kept in mind that because the degree of spatial
coherence is responsible for the effect, the procedure described in
this section of the report would not produce a significant improvement
on the speckle pattern for a target placed in the far field of the source.
However, certain applications which do not require large distances between
source and 1{1lumfnated areas will benefit from the use of quasi-

homogeneous sources instead of the commonly used laser beams.
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FIGURE 1

Schematic representation of a Mach-Zehnder interferometer.

Q0 represents an extended source in the object plane; 1 and

3 represent partially transmitting and 2.4 totally reflecting
surfaces; I denotes the image plane and LI,LI' and L, are the
three lenses that are used in our modified form of the

interferometer.

18




\/\/7 —

< > a4
3” N
I <]> 4
.

FIG.1




[ S

20

FIGURE 2

Schematic representation of the interferometer; the top and
bottom part of the figure display the two optical paths
separately. The distances are labelled by the same symbols
used 1n the mathematical description of Section 2 of this

report.







FIGURE 3

Two examples of fringe patterns observed through the micro-
scope. The top figure corresponds to a distance between the
source and the object plane of 9 cm, the bottom to 20 cm.
There is a very noticeable increase in the vertical range

of the visibility curve,

22
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FIGURE 4

Behavior of the coherence length as a function of distance
from the source plane. The vertical axis is measured in
arbitrary units. After calibration, the coherence length
corresponding to z = 0 has been found to by 13 um. The

horizontal axis is measured in cm.
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FIGURE 5

Speckle pattern reduction (a) target is illuminated with a

He-Ne laser beam; (b) target is illuminated with the beam

from a quasi-homogeneous source.
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